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Introduction
Morphing technologies are targeted to improve the flight performance and broaden the flight envelope of aircraft by enabling shape change during flight [1] . In the recent years, various morphing technologies have been proposed, mainly consisting of flexible structures. An example is NextGen's morphing wing structure made from silicone skin with stiffening ribs that provide out of plane stiffness, while allowing necessary shear deformations [2, 3] . In a similar way, Chen et al. have embedded pneumatic muscle fibres under a morphing skin with a silicone rubber matrix and has evaluated the morphing capability of this configuration [4] .
Chen et al. also introduced a novel composite flexible skin with in-plane negative Poisson's ratio behaviour to tailor the actuation force necessary for morphing and the synclastic curvature of the composite [5] . In the field of inflatable structures, Sun et al. presented an active honeycomb structure with tubular inflatable systems and an auxetic cellular structure for morphing wingtip applications [6] . In another active morphing work, Sun et al. sandwiched flexible tubes between two custom honeycomb layouts where the air foil thickness was increased when the tubes in the prototype demonstrator were inflated [7] .
Pneumatic artificial muscles (PAMs) known for their lightweight and high output have demonstrated high potential for inflatable actuation in aerospace applications [8] . Woods et al. have looked into the cyclic loading characteristics of PAMs and significantly extended the fatigue life of these inflatable structures simply by modifying their design [9] .
Morphing skins have similar deformation mechanisms to the ones present in human skin, in which the embedded curved fibrils re-orientate towards the tensile direction and resist the load only when stretched to their full length. The same fibrils provide out of plane stiffness to the skin [10] . Olympio et al. have also demonstrated that the curved strands embedded inside a flexible rubbery skin reduce the residual strains and the required morphing actuation force [11] .
Adaptive morphing structures such as NASA's adaptive compliant wing (FlexFoil) require structures that need to be lightweight and flexible, but also resistant to high aerodynamic pressures at the same time [12] . The key criteria is to design a structure that provides a low in-plane stiffness to reduce the energy consumption of the actuators, but at the same time possess sufficient stiffness to maintain the aerodynamic configuration during the deformation process. With these in mind, a candidate solution would be flexible sandwich panels with rubbery skins and a compliant cellular honeycomb core [13, 14] . Cellular structures are lightweight materials that provide out of plane stiffness through transverse shear, which are widely used in aerospace applications [15, 16] . Honeycombs with near zero in plane Poisson's ratio (ZPR) and negative Poisson's ratio (auxetic) are more suitable for complex cylindrical applications than the conventional cores that attain positive internal cell angles [17] . Such conventional honeycombs generate anticlastic curvature (saddle shape) when subject to out of plane bending [18, 19] . Hexcel's patent Flex core honeycomb maintains a near ZPR behaviour for large cell sizes, and it is already being used in aerospace industry.
Flexible thermoplastics (TPs) have been employed as constituents for smooth continuous morphing skins [13, 4, 11, 20] . They show a high potential for the future aircraft technologies, and smart structures composed of these materials could offer short cycle times of operations, recyclability, ability to re-process the material and lower cost of manufacturing. Flexible TPs can bear high deformations but also need to withstand high aerodynamic pressures. The latter performance target could be achieved by supporting the flexible skins with a compliant flexible core, like a Flex core aluminium honeycomb. For morphing structures on the outer surface of the aircraft the materials used need to offer multifunctional capabilities by showing moderate electrical conductivity to mitigate critical electrostatic build-up for possible lightning strike discharge [21] . In this work we propose a flexible graphene doped thermoplastic polyurethane skin that has less electrical resistivity and a higher bending and compressive modulus at an extremely low graphene level.
Graphene possesses high potential as polymer reinforcement for its exceptional properties of electron transport, mechanical toughening and high surface area [22, 23] . Recently, scalable production of large quantities of defect free graphene has been developed [24] , for the potential commercialisation of graphene in aerospace industry. However, dispersion of graphene inside thermoplastic matrices can be quite difficult because of the high viscosities that these matrices attain, and this area needs to be explored further [25] . Thermoplastic polyurethanes (TPUs) are block copolymers comprising of hard and soft segments. Their special chemical structure makes them versatile, with excellent tear and abrasion resistance, high compression and tensile strength, and they are operable at wide range of temperatures.
In this regard, their properties can be tailored through the inclusion of nanofillers to their structure [26, 27] .
This study introduces novel flexible sandwich panels with graphene doped TPU skins that sandwich a Flex core aluminium honeycomb. To the best of the Authors' knowledge, a flexible sandwich panel with TPU skins that offers high out of plane and low in plane stiffness has not been proposed before and it may represent an alternative structural design solution for morphing aircraft technologies in nacelle engine applications. Aero engine nacelles form the outer, aerodynamically smooth covering for a jet engine to reduce noise and fuel consumption. The airflow through the nacelle inlet lip can be tailored for noise and thermodynamic engine performance by introducing morphing capabilities, requiring the shape changing structures to withstand aerodynamic pressures in the range of 89 KPa -100 KPa, and convergent-divergent inlet channel configurations through inflatable systems with actuating pressures of the order of 0.05 MPa to 0.40 MPa [28, 29] . We introduce to this extend a morphing structural concept demonstrator made by an adaptive flexible sandwich panel with TPU/graphene skins and embedded pneumatic actuators underneath. The pneumatic actuators are inflated to create various pressure contours, and an aerodynamically optimal shape could therefore be achieved. Small-scale prototypes have been produced and tested under mechanical 3-point bending tests. A custom test rig representing the inflatable system has also been designed and built, and used to evaluate the morphing capability of the flexible structure for different combinations of inflatable pressure configurations.
Morphing nacelle inlet lip concept
Within the scope of the EU project "MorphElle" [28] , a novel nacelle lip-morphing concept was developed. The project partners Bauhaus Luftfahrt, Germany, and Kungliga Tekniska Högskolan, Sweden cover the operational and aerodynamic parts of the design respectively, while the authors' focus lies on the structural and materials aspects of the project. To realise the concepts introduced herein, the nacelle inlet lip should exhibit a sufficient stiffness to maintain the shape under aerodynamic loads, however at the same time it needs to show compliance for the shape morphing capability. The skin also needs to have a smooth surface to decrease drag and it needs to be electrically conductive for lightning strike protection. To achieve these goals, thermoplastic polyurethane was doped with graphene and flexible skins with and without graphene dispersion have been produced for comparison. with honeycombs with regular hexagons that attain in-plane Poisson's ratios of +1, and an out of plane Poisson's ratio nearly of 0 (13) [30] . Flex core honeycombs can be easily bent into a convex shape. The skins have been produced out of TPU pellets (Estane 58271, durometer hardness value 86A) that were compression-moulded in custom-made steel moulds ( Figure 2 ). Prior to manufacturing, the pellets were dried in a vacuum oven at 80°C for 5 hours to remove any water content. A spray able release agent (Lusin Alro OL151) was applied on the moulds and left to dry for 15 minutes. Fifty and sixty grams of TPU pellets were placed in the lower and upper skin mould cavities respectively ( Figure 2 ). The moulds with the pellets were then heated up to 200°C in the press and left for 30 min to stabilise the temperature. The pellets were pressed at a pressure of 2 MPa for half an hour using an electrically heated hydraulic compression press, after which the pressure was reduced and the moulds were left to cool at RT. The aluminium Flex-core was cut to size with a steel blade and the surfaces in contact with the TPU skins were sanded with a fine sand paper. The Flexcore was cleaned with acetone and dried at room temperature for 15 minutes. Cilbond 48 adhesive (Chemical Innovations ltd. UK) was applied on the surfaces with a brush and the aluminium core was left to dry for 30 min. The Flex-core was then placed between the TPU skins inside the mould. The temperature of the press was set to 120°C to enable the softening of the skins and to allow 1.5 mm of the thin walled aluminium core to penetrate through the softened skins at a pressure of 1.2 MPa on each side. These conditions were maintained for 3 hours. The mould was then allowed to cool down to room temperature (RT) (23°C), and then the flexible sandwich panel was taken out. The parameters defining the flexible sandwich panel and the Flex core honeycomb unit cell are detailed in Figure 3 and Table 1 . In the current design, a thickness of 1.5 mm of Flex core penetrates into the 3 mm thick TPU face skins on each side, creating honeycomb reinforced thermoplastic skins that offer high bending stiffness. Moreover, the depth necessary to achieve the same bending stiffness in conventional honeycombs is reduced [31] . Similarly, the adhesion between the skins and the core is significantly improved as the flexible panel creates at the interface a monolithic single structure that guarantees a strong bonding and continuity of displacements under the large deformations required for a shape changing structure, something that the common use of thin layer adhesives in composite structures to apply actuators for morphing may not be able to provide [32] . 
Test rig design and manufacturing
Compared to the full scale morphing lip (Figure 1 ), the test rig design is simplified in terms of complexity to keep the development and preliminary design costs down while still demonstrating the desired morphing capabilities. The number of pressure chambers is reduced to two, which is the minimal number to show a significant shape morphing. Using reinforcement directions as illustrated in Figure 4 , enables the circumferential strains that occur during the lip movement. It is assumed that the external aerodynamic forces will be known from CFD analyses for each flight condition and the internal actuation pressures are to be interpreted as differential pressures between the external aerodynamic loading and the pressure generated by the internal pneumatic actuation.
Custom-made inflatable actuators (Indico rubber, UK) from nylon reinforced natural rubber of 4 mm wall thickness were placed underneath the curved sandwich panel, as shown in it can also be noticed that few layers of graphene sheets are stacked on the top of each other.
A Renishaw Raman spectroscope (using 532 nm wavelength excitation and a 100x objective lens) was used to further confirm the presence of graphene in the solution. In Figure 7 (e), a clear G band (~1580 cm -1 ) is noticeable, which is related to the E2g vibrational mode of graphene. The 2D band (~2700 cm -1 ) is also used to identify graphene and the presence of the D band (~1350 cm -1 ) is related to the density of the defects in graphene, mostly derived from the edge effects [33] .
Graphene / thermoplastic polyurethane (G/ TPU) skins
To fabricate the skins 240 grams of TPU pellets were added into 1000 ml of G/ water, and the solution was ultrasonicated for 1 hour at room temperature (23°C) at on-off mode and amplitude of 40% to avoid overheating. TPU pellets were left in the G /water dispersion overnight, after which they were filtered and dried in a vacuum oven at 80°C for 5 hours and left in a desiccator prior to compression moulding. The G/ TPU pellets were further analysed with the Renishaw Raman spectroscope. For this analysis a single pellet was placed under the microscope and the laser beam was focussed on the surface. In Figure 7 (e), the presence of characteristic G and 2D bands is evident in the Raman spectra of the pellet (G/ TPU sample), meaning that the graphene remains bonded to the surface of the pellets. It is interesting to notice that the 2D band shifted to the right in the close-up Raman spectra of the G/ TPU pellet (Figure 8 ), and the main reason for this type of shift is attributed to stress fields [34] .
There is also a small shift in the G band from 1574 to 1578 cm -1 . It is possible that stress transfer takes place as the graphene layers are bonded on the surface of the TPU pellets in the water solution [35] . Stress transfer from the TPU pellets to the graphene can also be monitored from the shift of the 2D and the G Raman band.
For the compression moulding of the graphene-coated pellets a spray-able release agent (Alro OL 151 Chem Trend) was applied to the steel moulds and left to dry for 15 minutes. The G/ TPU pellets were placed inside the mould cavities and the temperature was left to stabilise at 180°C after which the moulds were closed and the pellets were pressed at 2 MPa for 30 minutes (Figure 2 (a) ). The moulds were then left to cool at room temperature after which the face skins were demoulded with the help of the ejector pins. For cyclic compression testing, cylindrical disks ( Figure 6 ) were moulded in custom-made steel cylindrical cavities at the same pressing conditions. A random piece from the G/ TPU disk was cut and conditioned with distilled water at room temperature. The cured nanocomposite was coated with silver for the analysis with a FEG SEM. 
Cyclic compression tests
Cyclic compression tests were performed to quantify parameters such as elastic modulus, hysteresis, time dependent loading effects, loss factor and cyclic softening. For this, cylindrical disks with dimensions of H=20 mm and D=65 mm were tested under compression loading using a tensile machine (Shimadzu AGS-X, maximum force 10 kN, Shimadzu Corp., Kyoto, Japan). The samples were subjected to 20 loading-unloading cycles at a crosshead rate of 2 mm/min. The loss factor was calculated for each complete loading-unloading cycle with the following equation:
Where ΔW is the dissipated energy that corresponds to the area inside the hysteresis and W is the total work calculated from the integration of the area under the initial loading curve. Figure 9 (a) shows the compression load-deflection graphs of the samples. The compressive elastic modulus of the cylindrical disks was calculated at 10% deflection. The maximum force detected from each cycle vs. the cycle number n is plotted in Figure 9 (b) . Here, the maximum force value tends to stabilise after a few cycles, with most softening occurring during the initial few cycles. The stiffness loss after 20 cycles is around 5.7 % for the pure TPU samples and lower (4.5 %) when the graphene is used as doping of the TPU pellets. It can also be observed that the decay in the maximum force value is higher in the G/ TPU samples (597 N) when compared to the TPU sample (414 N). This may be attributed to the breaking of the attachments between the hard graphene filler and the soft TPU chains, hence a higher amount of softening [36] . Table 2 [37, 38] . The increase in modulus was attributed to the large difference in stiffness between the filler and the matrix, as illustrated by Halpin-Tsai bounds [39] . There is also possibility that the graphene interacts with the soft polyurethane segments through van der Waals interactions, making more difficult the motion of the chains [38] .
The manufacturing process for the graphene doped TPU matrices proposed herein is simple and environmentally friendly. The process does not necessitate the usage of expensive solvents such as the ones currently being used in literature for exfoliation of graphite (THF and NMP) [27, 24] , and it is compatible with large-scale industrial processes. Table 2 also indicates a higher electrical conductivity proving that the graphene doped thermoplastic polyurethane is moderately conductive. Such conductivity is insufficient to provide lightning strike protection to the skins, but shows the high promise of graphene as a dopant to tailor the mechanical and the electrical properties of thermoplastic matrices. In this study, the graphene doped TPU skins will serve as a vehicle to carry the electrical charge through the aluminium Flex core. The conductivity value is in good agreement with the literature for similar weight ratios of graphene dispersion [40, 41] . The loss factor remained constant, which means that the dissipated energy did not show a noticeable variance over the number of cycles. The sandwich panels were subjected to three-point bending loading at a loading speed of 2 mm/min using a tensile machine (Shimadzu AGS-X, maximum force 10 kN, Shimadzu
Corp., Kyoto, Japan). The load was applied on the samples until a 100% radial deformation was achieved, following unloading until the sandwich panel recovered its initial shape. The bending stiffness of the sandwich panels was calculated at 10% of radial deformation extracted from the initial loading curve. From Figure 10 it is evident that the flexible panel with the G/ TPU skins withstands higher loads at the same crosshead deflections due to the higher stiffness of its nanocomposite skins. A 20% improvement in the bending modulus of the flexible panels is achieved with only 0.17 wt% of graphene dispersion ( Table 3) , showing that graphene may constitute a solution to tailor the mechanical properties for morphing applications, while at the same time offering a moderate electrical conductivity. Quite interestingly, the loss factor for the flexible sandwich panels with G/ TPU skins is significantly higher (0.37) when compared to the panels with TPU skins (0.23). It is likely that the improved bonding provided by the G/TPU skins in contact with the Flex core honeycomb contributes to the dissipation of more strain energy during the cyclic loading, and therefore leads to a higher hysteresis inside the loading-unloading cycle. Figure 11 (b) , it is assumed that the bladders are inflated to a pressure of 0.0345 MPa to retain a defined shape under external pressure contours. Figure 11 (b) shows a good level of repeatability whereas in Figure 11 
Evidence of morphing capability
The morphing capability of the flexible sandwich structure was evaluated with the custom test rig. A one camera (Imetrum non contact precision measurement) and a two camera video gage (Dantec Dynamics digital 3D Image correlation system Q400) were installed to track the displacement of the target points. The two-camera system enabled tracking of the proper deflection of the curved area whereas the one camera system tracked the y-direction deflection of the target points only. The test rig setup for the 2 cameras system is shown in Figure 13 . In Figure 14 , a mirror image is attained when the pressure contours were (0.0 MPa, 0.07
MPa) and (0.07 MPa, 0.0 MPa), and a maximum y-direction deflection of 6% was achieved.
(The coordinates are indicated in Figure 5 ). This initial experiment proves that the actuation force imposed by the inflatables is similar and the curvature can be precisely controlled. A smooth and consistent camber variation was generated at every pressure contour. It is worth noticing that the initial (0.07 MPa, 0.07 MPa) configuration needs to be kept all times to maintain a constant shape and prevent any undesirable shape changes resulting from the contraction of the inflatables. Figure 16 shows the % deflection along the y direction vs. the maximum pressure when one of the inflatables was inflated to a higher pressure. It is worth noticing the linearity of the response (similar to the one shown in the unconstrained rig layout of Figure 11 ). Quite importantly, the data show that the response of the morphing panel does not change with the equal pressures combinations ((P1=c, P2=b) or (P1=b, P2=c)). This is a clear indication of the quality of the manufacturing and base design used for the fabrication of the demonstrator. 
